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The Observation of Multiphoton-induced Conductivity

with Mode-locked Lasers

The photoconductivity of semi-insulating GaAs (Cr doped) Crystal was
investigated with mode-locked Nd-glass laser pulses. The log-log plot of
photoconductivity in milli mhos versus relative intensity is shown as curve

B in Figure 1. The theoretical value of the two photon conductivity can be

calculated using the formula(l)
BL 107‘ 10+6xti
AG =q(k _+1)) x
S BI"lo 2wxl£tx l()"19
L1 2 t -
= (¢ +|1r) 9 x S x 107 mbhos.
1+ BLlo

where [_is in Mw/cm2

4w - photon energy = 1.17 ev

cm
Mw

B - two photon ahsorption coefficient in cm/Mw = 5. 6
L - thickness of crystal = . 033 cms.
I-‘-e#lr =230 cmz/v-sec.

ti = pulse width (1 p sec.).
Since the photoconductivity is induced by mode locked nulses, the short
time width of the pulse (of the order of pico second) enters into the
calculation of AG instead of life time. This was confirined by the observation
of structure of the p.c. pulses in the 519 oscilloscope. The calculated
value of two photon conductivity is shown in Figure 2 against absolute

intensity. By comparing Figure 1 and Figure 2, we conclude that at lower
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MODE LOCKED PULSE EXCITATION
EXPERIMENTAL PHOTO CONDUCTIVITY

A n-TYPE O, DOPED GaAs (.028cm THICK)
B Cr—DOPED SEMI INSULATING GoAs
(033cm THICK)

LIFE TME T >> 1, (pulse width) & | p sec

Fig. 1. The éxperimental observed photo-conductivity change verse (
incident laser intensity.
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CALCULATED TWO PHOTON
COMDUCTIVITY

A n-TYPE O, DOPED GaAs )
(028 ¢cm THICK, w4+ p, = 7000 cm®/v-sec)

B Cr—DOPED SEMI INSULATING GaAs
(.033cm THICK, pq+ p, ™ 235 cm2/v-sec)

LIFE TIME v >> 1, (pulse width)® |p sec

Fig. 2. Calculated two photon conductivity as a function of incident laser
intensity,
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_intensities the shape of the experimental curve is more or less the same
as that of the theoretical one. A slope of 2 changing to unity algpe at
. higher intensities ié observed indicating the two photon excitatiois of
conductivity. If the conductivity is due to two photon excitation alone, we
should observe a slope of 1 at very high intensities with increase of
irgtensity. At very high intensities, a nonlinearity is introduced as shown

in Fig. 3. The observed conductivity is less than the ideal extrapolated

curve of slope unity.

The nonlinearity is definitely not due to the surface recombinatio.r.a. since
the excitation is due to short pulse whose width is much less than the
recombination times.

Since conductivity is directly proportional to mobility, it was first

(2, 3)

suspected that mobility may decrease at high excitation levels because

of electron-hole scattering. This decrease in mobility at high excitation
levels in Si(4. 2°K) was observed by A. A. Patrin et al. (3) The following
discussion rules out this possibility in the present experiment.

At room temperature, the mobility in GaAs is determined by screened

(4, 5)

Aoy

polar scattering and charged impurity scattering. Normally at room

T

] temperature, the polar scattering dominates. The room temp. mobility
(l-'-eH-'-r) = 230 cmz/v-sec was estimated by observing the ratio of the

conductivities of two different samples (one high resistivity cromium doped

and the other one n type 02 doped low resistivity crystal whose mobility is

; known). Since the two photon conductivity is in dependent of 8 in the region

of slope 1, the ratio of the conductivities in this region gave a value of
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230 cmz/ v-sec for the present crystal. This rather low value of mobility
had been observed for Cr doped crystals by Cronin and Haisty, (6) When
é . the crystal is excited, the density of non equilibrium charge carriers
increases. The contribution of mobility;due to electron-hole scattering

(D

was calculated using the Brooks-Herring formula

27/2 ¢3(k1~)3/2 (me~+mh)1/z

Boo= ‘

e-h
3/2 1/2 1/2 B
2 Vo V2 w25
6¢(kT)z m m.h
where B = >3 < - 172

vh e (me+mh)(nenh)

¢ = dielectric constant,

k me = electron effective mass.

m, = hole effective mass,

n, =mn =no. of electron hole pairs.

¢ =118, me =0,074m
(8)
m, = m*_ =0,68m .
e1

at T = 300°K, the value of B against the density of electron-hole pairs

e-h
is calculated. Even at 1018/cm3 of pair concentration, the mobility is cf
the order of 104 and this does not affect the mobility (low value 230 cmz/v-sec)
at very high intensities of illumination. Thus the observed non-linearity
is not due to increase of mobility due to electron-hole scattering.

The second possilbility may be due to the free electron absorption,

: (8)

The free electron absorption in GaAs for a concentration (electron) of

S ST R vy W B




l()nlcm 3 is approximately . 01 cm.l at I# wavelength. So the free carrier

absorption is low and ‘the observed nonlinearity is not due to this process.
The most likely possibility is that due to free hole absorption (or

intra band absorption). The intraband absorption in GaAs with vax;ioul

p-type doping densities had been extensively studied by Brannstein, 9

(10

Brarnstein and Kane, ) The hole absorption coefficient at 11t for the
crystal deped with 1017/ cm3 is about 3 cmfl. This absorption coefficient is
due to the transitions between the light hole, heavy hole and split-off
valence bands. The band structure of GaAs is shown in Figure 4. In the
present case, at higher intensities of light, the nonequilibrium charge
carriers (electr;)n-hole pairs) are produced proportional to the light
intensity and the associated stimulated absorption by the nonequilibrium
holes should also increase linearly with the light intensity. Referring to
Figure 3., from the nonlinear region, the absorption coefficient due to
intraband absorption was calculated as follows, For a particular value of

A G, the intensities (Il+Io) at the ideal slope 1 curve and experimental

photoconductivity curve are determined.

I
dIJ = 1ln ('i'g) .
1

The carrier density is proportional to I

1 A log-log plot of ¢ L versus

relative intensity I, is shown in Figure 5. Again at lower intensities,

1

oL increascs linearly with light intensity thereby showing that the




BANIS - STRUCTURE OF Ga As
C - conduction band V123 - valence bands .
Eg -forbiddengap , A -split off band width.
Energy measured w.r.t. the top of valence bands V,and V,.
I-_'.9 =41 ev ; A = 0.33 ev (at 300'k) ;
Effective masses wm) wm; wm; wm* _ o072 m,

L \ ) Yy T

0.68 M, 0.085m, , 0.25M, , m, -electron rest mass.

Fig. 4. Band structure of GaAs.
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Fig. 5. Experimental data of free hole absorption in GaAs under laser
excitation,




nonlinearity in the two photon conductivity is due to stimulated intraband
absorption. However at very high light intensities, 4L increases rather
slowly. This means that part of the light inter;lity is being utilized in the
gen-eration of nonequilibrium carriers (producing conductivity). The

difference in absorption between the linear one and sublinear one in the oL

- vei'sus Il graph in Figure 4 (Y L) is plotted against relative intensity Io

ina log-log graph in Figure 6. The slope of 2 in Figure 6 suggests that

there is generation mechanism whose absorption coefficient increases as
the square of the light intensity. Hence we conclude that we have observed.
the three photon generation of nonequilibrium charge carriers in GaAs at
very high intensities of light.

Referring to Figure (-’, at about 5 relative intensity, (this corresponds
to roughly 30 Gw/ cmz), the free hole absorption reads approximately as
1 9

10 e ™. 3000 Mw/cmz corresponds to Sx 1D xin 12, L

x—
L6x2 34x10"09 6053

~ 4.5x 1017/cm3. This corresponds to Ref., (9), an absorption
coefficient of 5 cm'l. Our value comes out to be slightly higher which
might be due to the fact that the high resistivity crystal has more
compenzuting impurities.

Referring to Figure 6, for 30 Gw/cmz, we get the three photon

i T -~ I, T I I ST SO RN TS T T AN S TR S e TR T F

ST N, TTRSE

absorption coefficient as 10 cm-l. Using the formula derived by A.!. Bohryskeva

1 .
et al( ) on three-photon band-band transitions in semiconductors, and applying

it to GaAs, (valence band Vi to conduction hand), we get fer a photon density

of 101 cm-3, k¥ 2x 10" cm-l. For 30 Gw/cmz, we get a calculated
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: Fig. €. Experimental three photon absorption coefficient of GaAs.
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value 5 cm'l which agrees approximately with the experimentally determined

values,

Conclusion
The portion of the AG versus I curve agrees with the theoretical two

photon conduccivity curve at low intensities, the slope at lower intensities

il ".n&e’disu_dfuh e oo I

being equal to 2 changing to unity at higher intensities. At very high

intensities, the curve displays a non linear region which was pz;oved to be

due to stimulated intraband absorption of holes in GaAs. The magnitude of
~ the absorption coefficient qvaries from 10 to 30 cm.l (oL, varies between

.35t0 .95, L =.033 cm) linearly with intensity. This agrees approximately

(9). (10)

& 4 with the values reported in the references Towards the end of the

high intensity region, absorption which leads to the generation of carriers
is observed. This absorption coefficient is found to be proportional to the
square of the light intensity indicating the generation of non-equilibrium
1 charge carriers in GaAs due to three photon absorptio;x. The calculated

3 photon absorption coefficient agrees approximately with the experimentally

observed value,
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Figufe Captions
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Fig. 1. The experimental observed photo-conductivity change verse -
incident laser intensity,
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Fig. 2. Calculated two photon conductivity as a function of incident
laser intensity.
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Fig. 3. Observed change of photoconductivity in Cr-doped GaAs
cryJtal for relative high intensity of the laser beam.

Fig. 4. Band structure of GaAs.

Fig. 5. Experimental data of free hole absorption in GaAs under
laser excitation.
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Fig. 6. Experimental three photon absorption coefficient of GaAs.
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